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Abstract
This studywill use theMann–Kendall (MK) non-parametric trend test to examine timing changes in
spring (earlyMay to the end of June) streamﬂow records observed by theWater Survey of Canada
during 1985–2011 in anArctic headwater basin in theWesternCanadianArctic. TheMK test shows a
general delay in the ﬁve timingmeasures of springtime streamﬂow,which are based on the 5 percentile
(Q5), 10 percentile (Q10), 50 percentile (Q50), 90 percentile (Q90), and 95 percentile (Q95) dates of
spring runoff, respectively. However,much stronger trend signals were clearly noted for the high
percentiles than that for the low andmiddle percentiles, indicating different effects of hydroclimate
processes working on the timing of springtime streamﬂow. In contrast, the earlier snowmelt onset
derived fromdailymean temperatures was found over the 27-year study period. In addition,multiple
relationships were correlated between these ﬁve timingmeasures of spring runoff andﬁve
hydroclimate indicators (total snowfall, snowmelt onset, spring temperature ﬂuctuation, spring
rainfall, and spring rainfall timing) in order to identify possible causes on the changes of springtime
streamﬂow timing. The results indicate that the differences are due to the contradictory effects of
winter–spring air temperature changes, temperatureﬂuctuation during themelting period, and spring
rainfall to spring runoff. The earlier snowmelt onset, which is attributed to thewinter–spring
warming, and spring temperature ﬂuctuation that works in the opposite way, result in theminor
timing changes ofQ5,Q10, andQ50. The increase in spring rainfall and its delayed timing have a
signiﬁcant impact on the dates ofQ90 andQ95.Moreover, the decreased total snow accumulation
over thewinter season only has aminor inﬂuence on the timing of springtime streamﬂow.
1. Introduction
For Arctic catchments, snowmelt-dominated stream-
ﬂow as a key hydrological event of the year, often
accounts for over 65% of the annual streamﬂow and
presents the maximum ﬂow of the year. Changes in
snowmelt runoff are believed to be very sensitive to
changes in climate (Serreze et al 2000, Déry
et al 2005, 2009, Burn 2008, Yang et al 2009, Wang
et al 2011, Semmens and Ramage 2013). For instance,
with well documented warming of the arctic climate
(IPCC 2013), especially in winter and spring, one
expected change is the earlier occurrence of spring
streamﬂow. However, with simulataneous changes in
air temperature (Serreze et al 2000, Hinzman
et al 2005, Trenberth et al 2007, Screen and Sim-
monds 2010), precipitation (Groisman et al 1994,
Serreze et al 2000, Yang et al 2003, Rawlins et al 2010,
Brown and Robinson 2011, Shi et al 2011, 2013),
vegetation (Hinzman et al 2005, Serreze et al 2009,
Walker et al 2010), and active layer thickness (Hinz-
man and Kane 1992, Zhang et al 2001, Frauenfeld
et al 2004, Romanovsky et al 2007), and complex
interactions among these, the actual changes in both
the timing and volume of spring streamﬂow may not
be as simple as ﬁrst expected (Hodgkins and
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Dudley 2006, Déry et al 2009). For example, some
changes could be expected to result in earlier melt and
runoff, while others would delay melt and/or runoff.
Those advancing melt and runoff could include: (a)
ealier snowmelt onset resulting from the warming
winter/spring air temperature; (b) warmer soil tem-
perature; and (c) shallow snowpack decreasing water
storage supply. While those delaying melt and/or
runoff could include: (a) increasing tundra shrub
cover that would change snowcover distribution with
deeper snow in shrub patches and shrub stems shading
the surface and reducing wind speed at the snow
surface; (b) deeper active layer resulting in greater soil
mositure storage and therefore possibly delaying melt
runoff. In addition, changing frequency and magni-
tude of rain-on-snow events, increases in end ofwinter
snow temperature, hillslope runoff controlled by the
refreezing of water in the active layer and the storage
capacity of the active layer, and streamﬂow affected by
the occurrence of snow dams (Woo and Sauriol 1981)
in the stream channel could be other reasons. There-
fore, we believe that there is a complex relationship
between climate and snowmelt controlled streamﬂow
and its timing. Unfortunately, there have been few
studies documenting the overall effects of these
changes on snowmelt and streamﬂow. Thus, little is
known about the interactions among the dominating
processes, and as a result our predictive ability is
very low.
In this letter, we aim to consider the impact of
observed and integrated changes on the timing of
snowmelt-dominated streamﬂow for an Arctic head-
water basin. We will use data from a long term
research watershed in the western Canadian Arctic. In
section 2, we describe the study area and observed
datasets. In section 3, we focus on several methods on
which our analyses are based. Subsequently, we
explore the monotonic trends in the timing of snow-
melt onset, spring rainfall, and associated springtime
streamﬂow over the study period in section 4. More-
over, we also examine multiple correlations between
several timing measures of streamﬂow and corre-
sponding hydroclimate indicators in order to investi-
gate possible controlling factors. In the ﬁnal part of the
letter, summaries and discussion are provided in
section 5.
2. Study domain
2.1. Study area
The western Canadian Arctic, near Inuvik, Northwest
Territories, Canada, has experienced well documented
climate warming (Bonsal andKochtubajda 2009, Burn
and Kokelj 2009), as well as other related environ-
mental changes, including decreasing precipitation
(Bonsal and Kochtubajda 2009), cloud cover (Burn
and Kokelj 2009), increasing shrub vegetation (Lantz
et al 2012), decreasing snow cover (Lesack et al 2014),
warming soil temperature and increasing active layer
thickness (Burn et al 2009). However, little is known
about the asscociated hydrological impacts. As a ﬁrst
step, this paper will consider changes in the timing of
snowmelt dominated discharge in the area.
In this study, we will focus on a long-term head-
water research basin—Trail Valley Creek (TVC) as
shown in ﬁgure 1. TVC has among the longest records
of discharge for such headwater basins in Arctic
Figure 1.Trail ValleyCreek (TVC) is located in an upland region east of theMackenzie Delta and approximately 50 kmnorth-
northeast of Inuvik, Northwest Territories, Canada.
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Canada, and also has many years of research data and
analysis. TVC is located in an upland region east of the
Mackenzie Delta and approximately 50 km north–
north of Inuvik (Mike Zubko) Airport (NWT) (68°
45′ N, 133°30′ W). It has a drainage area of 57 km2
(Marsh et al 2008), with the topography dominated by
gently rolling hills and some deeply incised river val-
leys, with elevations ranging from 50 to 180 m above
sea level (Marsh et al 2008). This watershed is domi-
nated by tundra vegation (Marsh and Pomeroy 1996),
with patches of shrubs and forest. Lantz et al (2012)
has demonstrated that the shrub coverage has been
increasing over the last few decades. The regional cli-
mate is characterized by short summers and long cold
winters, and it is rare for air temperatures to rise above
0°C between November and mid-April (Marsh
et al 2002). Much of the annual precipitation consists
of snow that accumulates over the winter and melts
during a brief 1–2 week period in mid-May to early-
June (Pohl et al 2007), resulting in an approximately
eight month snow covered period from early October
to late May (Environment Canada 2012). Over late
winter, air temperatures gradually increase and ﬁnally
rise above 0°C for the ﬁrst time in late April or early
May. This rise above the freezing point is an important
indicator as the beginning of the spring snowmelt and
runoff period. However, the actual timing of snow-
melt is controlled by the surface energy balance.
As illustrated in ﬁgure 2(a), the TVC annual ﬂow
regime is characterized by zero ﬂow from late October
to early May, where the stream channel is ﬁlled with
ice and snow drifts. Flow begins during the springmelt
sometime in May, with peak ﬂow occurring in late
May to early June. The rest of June is charaterized by
reducing snow cover with snow patches removed by
the end of June, and declining ﬂows, with occasional
rain induced ﬂow events. Due to the thin unfrozen soil
layer with high soil moisture typical in May and June,
the soil water storage capacity is small and rain events
often result in larger ﬂow events than would occur for
the same size storm later in the summer. As the soils
dry in response to evaporation of July and early
August, and changes in the storm patterns, summer
streamﬂow events are typically small in size and occur
infrequently (ﬁgure 2(a)). Due to the combination of
increasing storminess, deeper active layer and
decreased evaporation in August and September, lar-
ger ﬂow events occur. As air temperature continues to
decline, snow begins in mid to later September, the
soils begin to freeze, and streamﬂow ceases during late
September or October. As clearly shown in ﬁgure 2,
themajority of annual streamﬂow occurs in the period
fromMay 1 to June 30, with 67% of total annual run-
off on average. As discussed by Marsh et al (2002), the
annual maximum daily ﬂow also always occurs during
the May/June period. Flow during this brief period is
dominated by snowmelt during the early stages of run-
off, mixed snowmelt rainfall events during the middle
stages, and rainfall in the later portions of June. As a
ﬁrst step in improving our knowledge of ongoing
changes in arctic headwater stream discharge, and
since runoff during the two-month snowmelt period
dominates annual runoff in terms of both total ﬂow
and peak daily ﬂow, this paper will focus on changes in
the streamﬂow timing during this critical snowmelt
period.
2.2.Data sets
TVC discharge observations used in this study are
from the Water Survey of Canada, the federal govern-
ment agency responsible for streamﬂow observations
in Canada (http://www.wsc.ec.gc.ca/), for the period
from 1977 to 2011. Although hourly data are available
for much of this period, we will use daily averages and
will convert the daily discharge (m3 s−1) to daily runoff
(mm) by using the basin area noted above. As there are
signiﬁcant periods of missing data from 1977 to 1984,
we will focus on the 27-year period of 1985–2011. This
is one of the longest in Arctic Canada and is sufﬁcient
to consider the impact of warming on the relationships
between changes in climate (air temperature and
precipitation) and streamﬂow timing, although it is a
relatively short period of record.
Although the NationalWater Research Institute of
Environment Canada has meteorological measure-
ments at TVC, these are only available since 1992. As a
result, we will use meteorological data from the
Meteorological Service of Canada (MSC) Inuvik Air-
port station at approximately 68°45′ N, 133°30′ W, or
50 km to the South. These data have been shown to be
representative of conditions at TVC (Marsh et al 2002,
Pohl et al 2007). Routine meteorological measure-
ments and snow survey data are available from this
MSC station, including complete data records of air
temperatures, precipitation, relative humidity, wind
direction and speed, and snow on the ground from
1958 to 2011.
3.Methods
Several methods exist to detect changes in the timing
of streamﬂow (Court 1962). Of these, we will use ﬁve
robust timingmeasures (ﬁgure 2(b)) that are based on
the day for a ﬁxed quantile of spring runoff (May–June
ﬂows, not for the entire annual hydrograph) to occur
(Moore et al 2007, Burn 2008). For example, the 5
percentile date (Q5) is the day by which the ﬁrst 5% of
spring runoff has occurred. The 10 percentile (Q10),
50 percentile (Q50), 90 percentile (Q90), and 95
percentile (Q95) dates are deﬁned in an analogous
manner. The Q50 is similar to the ‘date of center of
mass of ﬂow’ (i.e. centroid) (McCabe and Clark 2005,
Stewart et al 2005, Hodgkins and Dudley 2006) that is
often used. The dates of Q5 and Q10 are considered to
capture changes in the early portions of spring runoff
when snow covers much of the basin, while the Q50
date is used to represent mid season and still
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dominated by snowmelt. Q90 andQ95 include the last
components of snowmelt as the ﬁnal snow drifts are
removed, as well as early summer rainfall.
In this study, we will deﬁne the onset of snowmelt
as the ﬁrst day after the last ﬁve consecutive days when
the daily mean air temperature is lower than 0°C
(Peterson and Folland 2000, Jiang et al 2011, Li
et al 2013). This always occurs in late April or early
May. For the timing of spring rainfall, the center of
mass date (CMD) was deﬁned as the Julian day on
which 50% of the mass of the total May and June rain-
fall (McCabe and Clark 2005), which is equivalent to
Q50 for discharge. To investigate the effect of changes
in spring temperature ﬂuctuation after the onset of
snowmelt, we will use daily minimum temperature as
an indicator of cold night time temperatures, with
resulting snow surface freezing and delaying melt run-
off after the start of the snowmelt. Such low tempera-
tures have important control on snowmelt and can
play an important role in delaying melt and therefore
runoff timing (Cazorzi and Dalla Fontana 1986, Jin
et al 1999).
To analyze long-term changes in the above noted
discharge timing measures, the non-parametric
Mann–Kendall (MK) trend test (Mann 1945,
Kendall 1975), a rank-based method applicable for
trend signiﬁcance, is used. In addition, the Sen
method (Sen 1968) is used to estimate their trend
slopes. The MK trend test has been applied in many
previous studies for identifying trends in meteor-
ological and hydrologic variables (e.g. Lettenmaier
et al 1994, Zhang et al 2001, Burn et al 2004, Déry and
Brown 2007, Shi et al 2011, 2013), and has been found
to be a reliable method. In this research, trend tests
were performed for the timing of snowmelt onset,
weekly spring rainfall, and ﬁve spring runoff percen-
tiles. Moreover, a 5% signiﬁcance level (two-sided
test) was selected in the trend signiﬁcance test.
The Pearson’s product-moment correlation coef-
ﬁcient was used to assess relationships between ﬁve
timing measures of springtime streamﬂow and their
corresponding hydroclimate indicators. The correla-
tion is statistically signiﬁcant at a level of p< 0.025
when its absolute value is greater than 0.32, as the
degrees of freedom are 25. Through correlation ana-
lyses, it is possible to identify the controlling factors
from these corresponding hydroclimate indicators for
observed changes in the springtime streamﬂow
timing.
Figure 2. (a)Dailymean runoff (grey lines) in Trail Valley Creek for the study period of 1985–2011. Five streamﬂow timingmeasures
(Q5,Q10,Q50,Q90, andQ95 for the annual streamﬂow) are shown for the long-termdailymean runoff (black line); (b) same as
above, but forMay and June, with the ﬁve streamﬂow timingmeasures only for this period of the annual discharge record.
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4. Results
4.1. Changes in the dates of snowmelt onset
As shown in Burn and Kokelj (2009), air temperature
is increasing in the study region annually, as well as in
the winter and in the spirng. An implication of this
warming across thewinter and spring is that the timing
of snowmelt onset (table 1), as determined from the
rise of air temperature above 0°C, has also occurred
earlier, with an increase of−3.3 days per decade for the
period of 1985–2011. This is a similar trend to that of
previous studies (Stewart et al 2005, Moore et al 2007,
Burn 2008) showing a trend towards earlier start of
snowmelt. Over the study period, the total change in
snowmelt onset is nearly nine days, and air tempera-
ture has a trend of 0.84°C/decade from April to May,
with a total increase of 2.27°C.
4.2. Changes in the timing of springtime streamﬂow
percentiles
Although the start of melt occurred earlier during the
study period, the streamﬂow data shows a delay in all
ﬁve timing measures (table 2 and supplementary
ﬁgure 1)4, with stronger trends for Q90 and Q95 than
that for Q5–Q50 percentiles. For example, the timing
measures of Q5, Q10, and Q50 were delayed from 0.5
to 0.7 days per decade, while the Q90 and Q95 dates
were delayed by 1.7–1.8 days per decade, which are
almost triple that of Q5, Q10, and Q50 in magnitude
and also more signiﬁcant statistically (p< 0.10). Given
the documented warming of end of winter and spring
melt air temperatures, these results are unexpected,
and require further investigation to better understand
the various hydroclimate factors (e.g. total winter
snowfall, date of snowmelt onset, freeze thaw events
over themelt period, spring rainfall, and spring rainfall
timing) resulting in these changes in the timing of
springtime streamﬂow in TVC. Since Q5, Q10, and
Q50 are not signiﬁcant, the data could be interpreted
as showing no signiﬁcant change in the timing of melt
runoff. This is also contrary to the signiﬁcant change
towards earlier start of melt and unexpected, so it
requires further analysis.
4.3. Changes in total winter snow and spring rainfall
The mean total winter snowfall from the ﬁrst snowfall
in late September or October until April over the
period of 1985–2011 is 105.5 mm SWE. This is the
largest water source for spring runoff, about four times
the spring (May and June) rainfall (26.1 mm). The
trend analysis reveals opposite changes in the total
winter snowfall and spring rainfall during 1985–2011.
The total snowfall has a statistically signiﬁcant decreas-
ing trend of 16.8 mm per decade at a signiﬁcance level
of p< 0.025, while spring rainfall has increased by
3.3 mm per decade at a non-signiﬁcant level. A
decrease inwinter snowfall would be expected to result
in earlier runoff due to both the earlier development of
a patchy snowcover and hence highermelt rates earlier
in the melt period, and wetting fronts reaching the
base of the snowpack earlier in themelt period (Marsh
andWoo 1984).
To identify the potential role of spring rainfall in
the timing changes of spring streamﬂow more clearly,
we examined theMK trends for weekly spring rainfall.
Table 3 summarizes trends, means, and standard
deviations of weekly rainfall fromMay to June in TVC
for the study period. For the ﬁrst four weeks (i.e. all of
May orW1–W4), there are no trends and therefore no
impact of rain-on-snow on the observed delay in melt
runoff. In June, there is a decreasing trend in rainfall
for the 5th week (W5), but increasing trends for the
following two weeks (W6 andW7). The upward trend
in the 7th week (W7) is statistically signiﬁcant at a 5%
signiﬁcance level. The CMD analysis shows that mean
date when 50% of the mass of the total spring rainfall
occurred has been delayed about 14 days over the 27
years. This suggests that the change in the timing of
streamﬂow (Q5–Q50) is not due to changes in rainfall,
butmust be due to changes in other factors controlling
snowmelt and runoff. It is possible that the increase in
rainfall for both W6 and W7, does affect the Q90 and
Q95ﬂows.
4.4. Causes of the changes in spring streamﬂow
timing
Figure 3 shows the correlations between the ﬁve
streamﬂow timing measures (Q5, 10, 50, 90, 95) and
four corresponding hydroclimate indicators (total
snowfall, snowmelt onset, spring rainfall, and spring
rainfall timing) in TVC for the period of 1985–2011.
All the dates of spring runoff percentiles are correlated
with the total snowfall, but are not statistically
Table 1.Monotonic trend,
mean date, and standard
deviation (SD) in snowmelt
onset in Trail Valley Creek for
the period of 1985–2011, as
deﬁned as theﬁrst day after
the lastﬁve consecutive days
fromApril toMaywith the
dailymean temperature lower
than 0°C. The signiﬁcance
level (p-value) achieved by
two-sidedMann–Kendall test.
(the unit is in day/decade for
trend slope and in day for total
change and SD).
1985–2011
P-value <0.2
Slope −3.3
Total change −9.0
Mean date May 10th
SD 12.6
4
Available at stacks.iop.org/ERL/10/064003/mmedia. Figures show
the time series of ﬁve springtime streamﬂow timing measures (Q5,
Q10, Q50, Q90, and Q95) and their corresponding trends in Trail
ValleyCreek for the period of 1985–2011
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signiﬁcant. Q5–Q50 are negatively correlated with the
total snowfall, meaning that the lower snowfall as
descibed in section 4.3 will result in earlier runoff.
While Q90 and Q95 are positively correlated, indicat-
ing that lower snowfall could result in later runoff for
these timing measures. In contrast, the date of
snowmelt onset is positively correlated with the timing
measures of Q5, Q10, and Q50. Moreover, the
correlations (greater than 0.54) are statistically signiﬁ-
cant at a level of p< 0.025, which show that earliermelt
is resulting in a samller runoff delay for Q5, Q10, and
Q50. The relationship for snowmelt onset and Q90 is
also positive, but not statistically signiﬁcant. While for
Q95, the relationship is negative and close to zero,
which is not statistically signiﬁcant as well. This shows
that over themelt period, the relationship between the
date of snowmelt onset and the date of streamﬂow
timing changes from statistically signiﬁcant positive
(i.e. Q5, Q10 and Q50) to insigniﬁcantly negative (i.e.
Q95) at the end of the melt period. This further shows
that the earlier snowmelt onset resulted in the minor
delay for timing changes of Q5, Q10, and Q50. In all
cases, the strong advanced trends in the timing of
snowmelt onset imply a consequence of winter–spring
warming. Moreover, as shown in ﬁgure 3, the changes
in spring rainfall and its timing have statistically
signiﬁcant positive correlations with the dates of Q90
and Q95 only. This shows that the increasing rainfall
in late June is resulting in the delayedQ90 andQ95.
Although an earlier start to snowmelt would be
expected to result in earlier runoff, it is possible that an
increae inmelt freeze events over themelt period, with
cold night temperatures, could also delay melt despite
an earlier start of the melt period. Table 4 summarizes
the MK trends for both weekly mean and standard
deviation of Tmin, which show upward or downward
trends but are not statistically signiﬁcant. As shown in
table 4, the weekly mean of Tmin is higher than 4.9°C
since the second week of June (W6), when snow has
basically disappeared. Therefore, we only need to
investigate the relationships between the streamﬂow
timing measures and the ﬁrst ﬁve weekly mean and
standard deviation of Tmin (W1–W5). Figure 4 shows
the correlations between the ﬁve streamﬂow timing
Table 2.Monotonic trends,mean dates, and standard deviations (SD) inﬁve streamﬂow
timingmeasures (Q5,Q10,Q50,Q90, andQ95) in Trail Valley Creek for the period of
1985–2011. The signiﬁcance level (p-value) achieved by two-sidedMann–Kendall test. (the
unit is in day/decade for trend slope and in day for total change and SD).
Q5 Q10 Q50 Q90 Q95
P-value <0.3 <0.3 <0.3 <0.1 <0.1
Slope 0.5 0.7 0.5 1.8 1.7
Total change 1.4 1.9 1.4 4.9 4.5
Mean date May 28th May 29th June 3rd June 15th June 20th
SD 7.3 7.1 7.1 5.3 4.8
Table 3.Monotonic trends,means, and standard deviations (SD) ofweekly (W1–W8) spring rain-
fall in Trail Valley Creek for the period of 1985–2011.W1 starts onMay 1 of each year. The sig-
niﬁcance level (p-value) achieved by two-sidedMann–Kendall trend test. (the unit is inmm/week/
decade for trend slope and inmm/week formean and SD).
W1 W2 W3 W4 W5 W6 W7 W8
P-value <0.3 <0.2 <0.3 <0.2 <0.2 <0.2 <0.025 <0.3
Slope 0.0 0.0 0.0 0.0 −0.7 0.3 2.4 0
Mean 0.1 1.2 1.4 4.2 3.0 3.9 7.1 5.5
SD 0.2 3.3 2.0 8.7 3.0 5.8 6.9 8.2
Figure 3.Correlations between ﬁve spring runoff timing
measures (Q5,Q10,Q50,Q90 andQ95) and four hydro-
climate indicators (total snowfall, snowmelt onset, spring
rainfall, and spring rainfall timing) in Trail Valley Creek for
the period 1985–2011. The correlation is statistically signiﬁ-
cant at a level of p<0.025when its absolute value is greater
than 0.32.
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measures and ﬁve weekly means and standard devia-
tions of Tmin (W1–W5) in TVC for the period of
1985–2011. As showed in ﬁgure 4(a), the ﬂuctuations
in the weekly mean of Tmin (mainly decreased trends
from W1–W4 as shown in table 4) result in a longer
melting period, further delay the streamﬂow timing
measures of Q5, Q10, and Q50. Thus, both early
snowmelt onsets due to a warming climate and longer
melting periods because of spring temperature ﬂuc-
tuation have a signiﬁcant impact on Q5, Q10, and
Q50. For Q90 and Q95, the effects of spring tempera-
ture ﬂuctuation are offset due to the opposite trends
(table 4) in weekly mean of Tmin for W4 and W5.
Therefore, the major controlling factors for Q90 and
Q95 are still the spring rainfall and its delayed timing.
By comparing the correlations as shown in ﬁgures 3(a)
and (b), we found that the effect of spring temperature
ﬂuctuation on streamﬂow timing during the snow-
melt period is dominated by the weekly mean of Tmin,
rather than theweekly standard deviation ofTmin.
In addition, the scatterplots (ﬁgure 5) show the
correlations between the ﬁve streamﬂow timing mea-
sures (Q5, Q10, Q50, Q90, and Q95) and W7, which
dominates the rainfall changes in spring over the study
period. Clearly, the W7 in spring has much stronger
correlations with the timing measures of Q90 and
Q95, which are statistically signiﬁcant at p< 0.025
(two-sided test). There is no signiﬁcant correlation
between the timing of Q5, Q10, and Q50 and W7 in
spring. These ﬁndings are consistent with our previous
results as shown inﬁgure 3.
Through these analyses, we can identify a potential
mechanism for the controlling factors on the timing
changes in spring streamﬂow in TVC. For the low and
Table 4.Monotonic trends and statistics forweeklymean and standard deviation (SD) ofTmin fromW1 toW8 inTrail ValleyCreek for
the period of 1985–2011.W1 starts onMay 1 of each year. The signiﬁcance level (p-value) achieved by two-sidedMann–Kendall trend
test. (the unit is in °C/week/decade for trend slope and in °C/week formean and SD).
W1 W2 W3 W4 W5 W6 W7 W8
Mean −9.3 −6.0 −2.6 0.8 2.7 4.9 6.7 7.9
TminWeeklyMean SD 4.1 3.4 3.2 2.8 2.2 2.7 2.7 2.0
P-value — — — — — — — —
Slope −0.04 −0.19 1.16 −0.02 0.40 0.57 −0.68 −0.33
TminWeekly SD P-value — — — — — — — —
Slope 0.004 −0.125 0.175 −0.117 0.142 0.200 −0.200 −0.086
Figure 4.Correlations between ﬁve spring runoff timingmeasures (Q5,Q10,Q50,Q90 andQ95) andweekly (a)mean; (b) standard
deviation ofTmin fromW1 toW5 inTrail ValleyCreek for the period 1985–2011.W1 starts onMay 1 of each year. The correlation is
statistically signiﬁcant at a level of p< 0.025when its absolute value is greater than 0.32.
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middle percentiles of spring runoff, the earlier snow-
melt onset and spring temperature ﬂuctuation have
statistically signiﬁcant opposite effects, resulting in a
smaller delay for Q5, Q10, andQ50 over the study per-
iod. However, this inﬂuence was reduced for the tim-
ing measures of high percentiles. For the dates of Q90
and Q95, there is a larger delay up to ﬁve days in 27
years, which is dominated by increased rainfall in
June, rather than temperature ﬂuctuation in spring.
Hence, with the future changes in winter–spring air
temperature and spring rainfall, this mechanism will
hold and become severe with two contradictory direc-
tions, resulting in high percentile ﬂows producing
much later spring runoff, while low and middle per-
centile ﬂows generating much earlier spring runoff
in TVC.
5. Summary anddiscussion
As shown in previous studies, TVC has experienced
climate warming as well as other related environmen-
tal changes, including rapidly changing vegetation
with changes in shrubs and active layer depth. To our
knowledge, there are no other small watersheds in the
Western Canadian arctic with similar vegetation types
and sufﬁcient discharge or climate data to test the
integrated effects of a warming and drying climate,
deeper active layers, warmer soils, and increasing
shrubs. Therefore, TVC is unique to consider the
impact of these changes.
With the warming climate in TVC, there are unex-
pected changes in runoff occurring. Using the MK
non-parametric trend test, the ﬁve timing measures of
springtime streamﬂow from the Arctic headwater
research basin have been examined for their long-term
trends. As noted in section 4, the dates of Q5, Q10,
Q50, Q90, and Q95 exhibit delayed trends for the
study period of 1985–2011, demonstrating generally
delayed occurrences of the events. However, there are
stronger trend signals for the high percentiles (Q90
and Q95) of spring runoff than that for the low and
middle percentiles (Q5, Q10, and Q50), indicating
that different effects of hydroclimate indicators are
working on the timing of springtime streamﬂow. Cor-
relation analyses have revealed that the increase in
spring rainfall and its delayed timing have a signiﬁcant
impact on the dates of Q90 and Q95. Insigniﬁcant
delays in the Q5–Q50 percentile timing measures are
highly related with both earlier snowmelt onset and
increased temperature ﬂuctuation in spring, which
have opposite effects on the timing changes of Q5,
Q10, andQ50. In addition, the total winter snow accu-
mulation is not a controlling factor for the observed
changes in the timing of springtime streamﬂow.
Therefore, the earlier snowmelt onset and spring tem-
perature ﬂuctuation are the primary causes for those
modest trends in the timing measures of Q5, Q10, and
Q50, while the increase in spring rainfall and its
delayed timing dominate the signiﬁcant delay in the
dates of Q90 and Q95 in TVC. Moreover, warmer
spring air temperatures affect the timing of springtime
streamﬂow through earlier snowmelt onset. All in all,
the differences in the timing changes of springtime
streamﬂow can be attributed to the earlier snowmelt
onset due to winter–spring warming, temperature
ﬂuctuation during the melting period, statistically sig-
niﬁcant increasing W7 (spring rainfall), and delayed
spring rainfall timing in the Arctic headwater basin.
The assessment in this letter has provided evidence
for the timing changes in spring snowmelt and asso-
ciated spring runoff, indicating related changes in air
temperature and precipitation, which are causes for
the ﬂow regime and timing shifts. As we learned, Arc-
tic air temperature has increased at almost double the
global rate for the past several decades with more
recent warming appearing strongest in winter and
spring (IPCC 2013). Meanwhile, climate models pro-
ject increases in average air temperatures of 3°C for the
Arctic by 2040 (Adam et al 2009). In addition to cli-
mate, it would be expected that snowmelt derived
streamﬂow would also be sensitive to a varity of other
changes occurring across the arctic, including changes
in active layer depth, soil temperature, and vegetation
(Zhang et al 2001, Hinzman et al 2005, Romanovsky
et al 2007, Serreze et al 2009). Especially, there are sig-
niﬁcant patches of shrubs and forest in TVC, although
it is dominated by tundra (Marsh and Pomeroy 1996).
Lantz et al (2012) has demonstrated that shrubs have
expanded into tundra areas and the shrub coverage has
increased dramatically from 12% to 20% between
1972 and 2004. Apparently, the changes in shrub have
Figure 5. Scatterplots ofﬁve streamﬂow timingmeasures (Q5,Q10,Q50,Q90, andQ95) versus the 7thweek rainfall during spring in
Trail Valley Creek for the period 1985–2011. (* the correlationwith a signiﬁcant level at p<0.025).
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an important inﬂuence on snow, e.g. shrub patches
acting as blowing snow traps and resulting in deeper
snow in shrub patches; reduced snow in lee slope snow
drifts; and decreased overall snow transport travel dis-
tance (less sublimation). So we will get relatively larger
SWE, but different SWE distribution across the land-
scape. Moreover, the spring melt energy balance will
be affected as well by increased net radiation at surface
and decreased turbulent ﬂuxes, resulting in more
rapid snowmelt compared to tundra and bring more
uncertainties to the snowmelt controlled streamﬂow.
Thus, the effect of climate change is not the only domi-
nated factor for the changes in spring streamﬂow
regime, including timing.We also need to consider the
vegetation change, which could be responsible for the
observed changes in spring runoff. Therefore, it raises
the question as to what extent the variable spring
streamﬂow timing at TVC is climate-related, vegeta-
tion-related, or a combination of changes in climate
and vegetation. To understand the complex relation-
ships among climate, vegetation and spring runoff,
our next step will focus on the modeling work to tease
apart the impact of vegetation on spring streamﬂow
changes using a high-resolution and physically based
hydrological model by considering the integrated
impacts of shrubs on snow accumulation, melt, and
runoff.
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